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Background: Murine polyomavirus recognizes {a2,3)-linked 
cx-5-N-acetylneuraminic acid (sialic acid) on the surface of susceptible cells. While 
all strains bind to straight-chain receptors terminating in {a2,3)-linked sialic acid, 
some strains also bind to branched oligosaccharides that carry a second, 
{a2,6)-linked sialic acid. The ability to bind to these branched-chain receptors 
correlates with a single amino acid mutation at position 91 on the outer surface of 
the major capsid protein, VP1 , and with a significant decrease in tumorigenicity. 
Results: We have determined the structures of polyomavirus strain P1 6, which 
bears a glycine at position 91, in complex with model compounds for both 
straight-chain and branched-chain sialoglycoconjugates. The structures have 
been refined to a resolution of 3.65 A. The ligands bind to a shallow groove on 
the surface of VP1 . The sialic acid-(a2,3)-galactose moiety, which is common 
to both compounds, has specific and identical contacts. The additional 
{a2,6)-linked sialic acid moiety of the branched-chain receptor fragment fits into 
a surface pocket, but it has high thermal factors and does not form hydrogen 
bonds to groups on VP1 . Data collected from crystals soaked at different 
oligosaccharide concentrations establish that both receptor fragments have 
similar, low affinities (dissociation constants in the range 5-10 mM) for the P16 
virus, consistent with the interactions seen in the two complexes. 
Conclusions: The oligosaccharide-binding groove is complementary to the 
shape of the bound glycan, but there are relatively few hydrogen bonds between 
glycan and protein. Thus, the nature of the glycosidic linkages appears to be the 
principal determinant of specificity, rather than the position of particular hydroxyl 
groups. The low receptor affinity may be important for avoiding inhibition of viral 
release by retention on surface receptors of infected cells. Evidence suggests 
that strains with still greater pathogenicity are likely to have even weaker affinity. 
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Introduction 
Murine polyomavirus (polyoma) is a member ofthe papova-
virus family, which also includes the primate polyoma-
virus simian virus 40 (SV40) and the papillomaviruses [1]. 
Polyoma is able to induce a variety of tumors in the 
mouse, its natural host. The virus has two modes of inter-
action with host cells: productive lytic infection, which 
leads to release of newly formed virus particles and 
cell death, and non-productive infection, which leads to 
cellular changes characteristic of transformation. 
The first step in polyoma infection involves attachment to 
specific oligosaccharides terminating in a-5-N-acetylneu-
raminic acid (sialic acid or l\ieuNAc). These receptor moi-
eties, borne on the surface of susceptible cells, have sialic 
acid, galactose (Gal), and galactosamine (GaINAc) or glu-
cosamine (GIcNAc) in stereochemically defined linkages. 
Hemagglutination studies have shown that polyoma 
specifically recognizes NeuNAc-(a2,3)-Gal linkages [2,3]. 
Sialic acid with (a2,3) linkages is abundant on the surface 
of eukaryotic cells [4,5] and the narrow host range of 
polyoma is due to subsequent steps in the replicative 
cycle. All polyoma strains recognize fragments of the type 
N euNAc-(a2,3 )-Gal-(131,3 )-GaINAc or NeuNAc-(a2,3)-
Gal-(131,3 )-Gal. In addition, some strains also recognize 
branched oligosaccharides that carry a second (a2,6)-linked 
sialic acid, as in the compound NeuNAc-(a2,3)-Gal-(I31,3)-
[NeuNAc-(a2,6)-]GaINAc [3]. The ability to recognize 
branched-chain receptors is linked to a single amino acid 
substitution at position 91. Strains with Gly91 (small-
plaque strains) can bind both branched-chain and straight-
chain receptors, whereas strains with Glu91 (large-plaque 
strains) only bind the latter [6]- Most cells bear hoth 
glycans on their surface. The failure of large-plaque strains 
to recognize the branched-chain receptors correlates with 
their markedly increased ahility to spread in the host [7]. 
Large-plaque strains have fewer sites that can be engaged 
and thus, in general, a lower avidity than their small-plaque 
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counterparts. The correlation of higher tumorigenicity with 
lower avidity suggests that retention on the cell surface 
may be a factor determining viral spread. 
We have described in a previous report the structure of 
polyoma small-plaque strain P16 in complex with 3'-sialyl 
lactose, referred to as complex-1 throughout this text [8]. 
The chemical structure of 3'-sialyl lactose is shown in 
Figure 1a; it is a good model for the fragments NeuNAc-
(a2,3 )-Gal-(131,3 )-GaIN Ac, N euN Ac-( a2,3 )-Gal-( 131,3 )-Gal 
and NeuNAc-(a2,3)-Gal-(I31,4)-GIcNAc, which are com-
monly found on mammalian cell surfaces [9]. We present 
here the crystal structure of P16 in complex with a repre-
sentative of the branched-chain receptor class. This struc-
ture has been determined to 3.65 A resolution; we refer to 
it as complex-2. The oligosaccharide used for complex 
formation, shown in Figure 1 b, is a good model for the lig-
and NeuNAc-(a2,3)-Gal-(131,3)-[NeuNAc-(a2,6)-]GaINAc, 
which has been used in the hemagglutination studies by 
Cahan et al. [3]. 
We present details of the structure determination and 
refinement of both complex-1 and complex-2, and we 
compare the interactions between virus and receptors seen 
in the two complexes. The structure of complex-2 shows 
why the large-plaque strains do not bind branched-chain 
Figure 1 
(a) OH 
receptors. tvloreover, the characteristics of the oligosaccha-
ride interactions in both cases suggest that specificity 
resides in the shape of the glycan, determined principally 
by the nature of the glycosidic linkages, rather than in its 
detailed hydrogen-bonding capacities. We also describe a 
crystallographic experiment, used to measure and 
compare the binding constants for both receptor frag-
ments. Finally, we analyze structural differences between 
polyoma and SV40. SV40 does not recognize sialylated 
oligosaccharides; a comparison of the loop structures at 
the surface reveals the molecular basis for the different 
specificities of these structurally very similar viruses. 
Results 
Model accuracy 
Both complexes have been refined at 3.65 A with X-PLOR 
[10]. The final R-factors are 23.6% (complex-l) and 24.4% 
(complex-2). Since the refinement only exploited the strict 
5-fold symmetry of the virion, the accuracy of the models 
can be judged by superimposing the six independently 
refined VP1 monomers a, a', a", 13, 13' and 'Y (see [11] for 
definitions) in each complex and calculating the Ca-Ca 
distances between corresponding residues. The distances 
between Ca positions are plotted in Figure 2a for 
complex-1; an essentially identical plot is obtained for 
complex-2 (data not shown). With the exception of the 
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Chemical structures of the two polyoma 
ligands: (a) 3'-sialyllactose, a representative 
of straight-chain receptor fragments, used in 
complex-1 ; (b) the branched-chain 
oligosaccharide in complex-2. 
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Figure 2 
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Comparison of the six independently refined VP1 monomers of 
complex-1. (a) Cae-Cae distances between residues of monomer ae and 
the corresponding residues of monomers ae', aeu , [3, [3' and 'Y after 
superposition onto monomer ae. (b) Cae atom temperature factors of the 
six monomers plotted as a function of residue number. The 
corresponding plots for complex-2 are very similar (not shown). 
Nand C termini and the CD-loops, which assume differ-
ent structures in the six copies, the coordinates and tem-
perature factors (see Fig. Zb) are in very good agreement. 
The main-chain coordinate error is -0.5 A. The final maps 
for complex-1 and complex-Z define most of the main-
chain atoms and many of the side-chain atoms. Regions 
not defined by density and therefore excluded from the 
model are the N termini (residues 1-16) and the C-termi-
nal 1Z residues in monomers a and a", which do not form 
ordered hairpin loop structures. Also excluded from the 
model are the disordered residues 357-383 of monomer 13. 
Two additional regions are poorly defined by electron 
density and have high temperature factors: the CD-loops 
of monomers a, a" and 13, and residues 3Z0-337 of 
monomer "{ at the pentamer-pentamer interface. In 
monomer "{, these residues do not form a helix. All 
well-ordered residues of the model fall in favorable regions 
of a Ramachandran plot [lZ] (data not shown). 
Ligand structures 
The final averaged electron-density map for complex-1 at 
3.65 A resolution clearly ~hows the conformation of the 
3'-sialyl lactose, as demonstrated in Figure 3a. Th~ ligand 
structures are very similar in the six independently refined 
subunits. The three sugar rings have energetically favor-
able conformations. The conformation of the sialic acid 
agrees with that seen in a high-resolution crystal structure 
[13], and the lactose moiety also has a standard conforma-
tion [14]. The dihedral angles are approximately (-500±lOO, 
5°±15°) for the NeuNAc-(aZ,3)-Gallinkage and (65°±10°, 
8°±6°) for the Gal-(131,4)-Glc linkage. These values are 
similar to those seen in other crystal structures containing 
3'-sialyllactose [15,16]; they are also consistent with NMR 
studies [17]. The conformation of the 3'-sialyllactose is sta-
bilized by two internal hydrogen bonds, which link 
NeuNAc-06 with Gal-OZ and Gal-OS with Glc-03. NMR 
studies by Sabesan et al. [9] suggest that the NeuNAc-
(aZ,3)-Gallinkage has a different conformation (-165°,15°) 
in solution. This conformation is clearly not present in our 
structure, but it does appear in the structure of a sialylated 
pentasaccharide complexed to cholera toxin [18]. 
The final averaged map for complex-Z shows that the 
NeuNAc-(aZ,3)-Gal-(131,3)-GIcNAc moiety has essentially 
the same conformation and occupies the same space as the 
3' -sialyl lactose does in complex-l. The dihedral values for 
the glycosidic bonds are very similar to those of complex-l. 
There is still one intramolecular hydrogen bond, between 
NeuNAc-06 and Gal-OZ. The different linkage (131,3 
instead of 131,4) between the second and third sugars 
changes the orientation but not the overall location of 
GIcNAc with respect to Gal. There is clear density for the 
N-acetyl group, as shown in Figure 3b. GIcNAc is replaced 
with GalNAc or Gal in many mammalian cell-surface 
receptors [9]. The only difference between GalNAc and 
GIcNAc is the conformation of 04, which is axial in Gal 
but equatorial in Glc. Since an axial 04 could be easily 
accommodated in our structure of the branched-chain 
receptor fragment and would not interfere with the (aZ,6)-
linked sialic acid, we argue that the conformation we see is 
also representative of fragments containing Gal or GalNAc 
instead of GIcNAc. The branching (aZ,6)-linked sialic acid 
is only reasonably well defined by the electron-density 
map shown in Figure 3b. According to hard-sphere calcula-
tions and NMR studies, the NeuNAc-(aZ,6)-GIcNAc 
linkage can assume two preferred conformations, 'gt' and 
'gg', with roughly equal likelihood [9,14]. Only the 'gt' 
conformation, however, fits the difference electron density 
and was therefore chosen as the model conformation. The 
final dihedral angles for the NeuNAc-(aZ,6)-GIcNAc 
linkage are (-1300±Z5°, -150 0 ±lZo, 1100±Z5°). 
186 Structure 1996, Vol 4 No 2 
Figure 3 
(a) 
We do not see any interpretable density for the remaining 
two carbohydrate rings of the branched-chain receptor 
fragment, which were therefore not included in the refine-
ment. The unambiguously defined orientation of the 
GIcNAc ring defines the point of attachment for these 
sugars, and thus the direction in which the carbohydrate 
chain would lead to additional sugar residues. This direc-
tion leads away from the pentamer. 
Ligand affinity 
In order to obtain a rough estimate for the binding con-
stants of the compounds used in this study, we soaked 
polyoma crystals at five different concentrations with each 
of the two receptor fragments. All crystals were of roughly 
similar size and were grown from the same batch. The 
oligosaccharide concentrations used were 20 mM, 10 mM, 
5 mM, 1 mM and 0.2 mM in harvest buffer (as defined in 
the Materials and methods section). The soaks were 
carried out at one time and using identical conditions 
(24 h) for both compounds_ Between 0.5 0 and 1.5 0 of data 
were collected from each crystal. At the same time, data 
were collected from a native crystal from the same batch 
and under similar conditions. The data sets were scaled 
against the previously collected native 3.8 A data set, and 
crystallographic R-factors were calculated (program 
RSTATS, CCP4 program package [19]) and plotted versus 
resolution. Figures 4a and 4b show the curves for the six 
different concentrations and the two complexes. The 
R-factors for crystals soaked with 20 mM oligosaccharide 
Stereoviews of the final (2Fo-Fc) electron-
density maps of both complexes, together with 
the ligand coordinates of the refined models. 
For reasons of clarity, only density within a 
radius of 2 A from the nearest ligand atom is 
shown. The cutoff is 1 (T. (a) The 3'-sialyl 
lactose of complex-1. (b) The branched-chain 
oligosaccharide of complex-2. The terminal 
Gal-(131 ,4)-Glc moiety (shown in thinner lines) 
is not defined by electron density and 
therefore was not included in the refinement. 
(The figure was generated with 0 [34].) 
agree very well with the R-factors using the respective 
data sets for the complexes, also collected at 20 mM, and 
indicate binding in both cases. At 10 mM, the R-factors 
indic~te reduced but measurable binding for both 
oligosaccharides. The crystals soaked in 5 mM, 1 mM and 
0.2 mM solutions, however, have R-factors very similar to 
the native 'control' data set. The results demonstrate that 
the ligand affinities are similar for both receptor fragments 
and that the dissociation constants are between 10 mM 
and 5 mM in each case. 
In addition to the R-factor calculations shown here, we 
have also computed 5-fold averaged difference maps (not 
shown), which support the conclusions stated above. The 
chosen upper concentration limit of 20 mM corresponds to 
close to 100% occupancy. The difference in R-factors 
between the complexes soaked at 20 mM and native data 
is as great as theoretical calculations using 100% occu-
pancy predict it to be, and the temperature factors of the 
carbohydrates agree with those of the surrounding protein 
structure. Our experiments have been carried out at high 
ionic strength, and the dissociation constants we have esti-
mated may differ somewhat from those at more physiolog-
ical conditions. Nevertheless, the experiments establish 
that the two compounds used in this study bind with very 
low but similar affinity. Significant attachment of poly-
omavirus to the cell surface will clearly require engage-
ment of more than just one binding site, in order to 
achieve adequate affinity through cooperative binding. 
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Concentration-dependent soak experiment. Each soak data set was 
collected from a single crystal (consisting of 3000-4000 independent 
reflections; 1 2-6 A). The scaling R-factors are plotted as a function of 
resolution for each soak data set together with the scaling R-factors 
between the native data set and the full data sets for complex-1 and 
complex-2, and the scaling R-factors between the native data set and a 
control data set collected from an unsoaked crystal (labeled 'native'). 
(a) Curves for 3'-sialyllactose. The concentrations used are indicated. 
(b) Curves for the branched-chain receptor fragment. The key shown 
in (a) also applies to (b), except that in (b) the thick unbroken line 
represents complex-2. 
Ligand-binding site 
Two views of a polyoma VP1 monomer complcxcd to the 
branched-chain oligosaccharide receptor fragment are 
shown in Figure Sa. The structural organization of the 
polyoma shell and the overall structure of the VP1 pen-
tamers are very similar to those of SV40, and the reader is 
referred to the accompanying paper [11] for a detailed 
discussion of the conserved overall capsid structure and 
the topology of VPl. Significant structural differences 
between polyoma and SV40 are seen only in the loops BC, 
DE, EF and HI on the virion surface. These loops contain 
18 additional residues in polyoma and create a shallow 
groove, which binds the sialylated oligosaccharides. On 
one side, the groove is closed off by the tip of the 
BC2-100p of the clockwise VP1 neighbor. On the other 
side, the groove levels out to a plateau over the BC2- and 
EF -loops, bounded at the rear by the DE-loop of the anti-
clockwise VP1 neighbor. The NeuNAc-(a2,3)-Gal moiety, 
which is similar in both oligosaccharide compounds, lies in 
the groove and is contacted by several polar and apolar 
residues. The (a2,6)-linked NeuNAc lies over the plateau. 
Relatively few polar interactions occur between the virus 
and the receptor fragments, and they involvt.: only the 
NeuNAc-(a2,3)-Gal moiety. 
A detailed view of the receptor-binding site is shown in 
Figure 5b. A key interaction appears to be the bidentate 
salt bridge between Arg77 and the carboxylate of the sialic 
acid. (Fcomplex-Fnat) difference Fourier maps show, in addi-
tion to positive density for the ligand, a strong negative 
feature at the position of the arginine side chain. It appears 
that in the unliganded structure the Arg77 side chain has a 
different conformation, contacting Tyr72. There are also 
hydrogen bonds linking Tyr72-0H with NeuNAc-N5, 
His298-NE2 with NeuNAc-04 and Asn93-No2 with Gal-
06 (Fig. 5b). The residue at the tip of the neighboring 
BC2-100p, Asp85, does not contact the sialic acid moiety 
directly, but is close enough to form a possible contact via 
water molecules (see Fig. 5b). The position of the Asp85 
side chain is stabilized by a salt bridge from Arg289 of a 
VP1 neighbor. Asp85 seems well positioned for binding 
oligosaccharides containing sialic acid variants, such as 
a-5-N-glycolyl neuraminic acid, which is present on 
the surface of murine cells in various tissues [20,21]. The 
N-glycolyl variant may therefore have a higher affinity. 
There are a number of hydrophobic contacts between 
polyoma and the NeuNAc-(a2,3)-Gal moiety. The most 
striking one involves the side chain ofVa1296, which faces 
the plane of the sialic acid ring and wedges it tightly in its 
groove (see Fig. 5b). Other hydrophobic contacts involve 
the side chain ofThr291, which approaches NeuNAc-04, 
and Gly78, which approaches Gal-C4 and Gal-04. In total, 
there are some 35 atoms within 4 A of the sialic acid, and 
another 10 atoms contacting the galactose. In contrast, the 
glucose in complex-lor the GlcNAc in complex-2 are not 
contacted by any atom closer than 4 A. This gradient of 
interactions is reflected in the temperature factors of the 
sugar rings. NeuNAc and Gal have average temperature 
factors of -150 Az, whereas the value for the third sugars 
are -190 Az. . 
The (a2,6)-linked sialic acid of the branched-chain recep-
tor fragment lies in a shallow pocket above the plateau 
formed by the BC2- and EF -loops (Fig. 5b). The carboxy-
late points towards the plateau, and the glycerol chain 
points towards the 5-fold symmetry axis of the pentamer. 
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Figure 5 
(a) DE- loop oop 
This sialic acid does not have specific polar interactions, 
nor does it form substantial hydrophobic contacts with the 
vi rus protein. Its weak electron density and high tempera-
ture factors are both consistent with this loose fit. T he 
average temperature factor of the (a2,6)-linked sialic acid 
is -200 Az and thus substantially higher than that of the 
NeuNAc-(a2,3)-Gal moiety. The side chains of Asn80, 
Ser89 and Lys186 have weak density, and we cannot rule 
out that they might contact the sialic acid, but they do not 
appear to do so. The lack of interactions suggests that 
small-plaque polyoma strains do not recognize the 
(a2,6)-linked sialic acid by forming hydrogen bonds to 
specific groups. Rather, the virus seems merely to 
'tolerate' the branched compound by the presence of an 
open space (see next section). 
\N 
The structure of polyoma VPl complexed with 
the branched·chain receptor fragment 
(complex·2) . (a) Structure of a VPl monomer, 
viewed from two angles perpendicular to each 
other. The invading arm of a neighboring 
pentamer is shown in black and blue. Parts of 
the BC2·loop of the clockwise VPl neighbor 
(in red) and the DE-loop of the anticlockwise 
neighbor (green) are also shown. Residues 
that are conserved in polyoma and SV40 are 
shown in orange (reference monomer) and 
blue (invading arm). (b) View of the receptor-
binding site of complex-2. The two terminal 
sugars are not shown; they are not well 
defined by electron density and were not 
included in the refinement. The black arrow 
marks the site where they are attached to 
GlcNAc-Ol . All hydrogen bonds within the 
receptor fragment and to protein atoms are 
shown. The side chain of Va1296, which 
contacts the sialic acid ring, is shown in 
magenta. The tip of the BC2-loop of the VPl 
neighbor (red) closes the binding site from the 
left side. The DE-loop of the anticlockwise 
VPl neighbor (green) closes the groove from 
the rear. Gly91 is marked with a gray sphere. 
The inset shows how the negative charge of a 
glutamic acid side chain (dark gray) at 
position 91 in large-plaque strains would 
interfere electrostatically with the carboxylate 
group of the (a2,6}-linked sialic acid (red 
arrow). The side chain of Glu91 has been 
modeled in its most likely conformation (see 
text). (Figure generated with RIBBONS [37).} 
It is conceivable that oligosaccharides with different 
structures may also bind to the polyoma si te. We have 
tried to prepare complexes between polyoma and two 
very abundant fucosylated sialyloligosaccharides [4] . 
These are NeuNAc-(a2,3)-Gal-[(al ,3)-Fuc-](I31,4)-GIc 
(a homolog of 3'-sialyl-Iewisa) and NeuNAc-(a2,3)-Gal-
[(al,4)-F uc-]-(f31 ,3)-GIc (a homolog of 3'-s ialyl-lewis X ) . 
Under conditions ide ntical to those used for the prepara-
tion of complex-l and complex-2, no binding of these 
compounds could be detected in difference Fourier 
maps. One can model the fucosylated oligosaccha rides 
into the binding site wi thout serious steric clashes. 
The fucose moiety does, however, approach the 
Be2-loop closely, and thi s contact may be the source of 
unfavorable interactions. 
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Implications for the specificity of large-plaque strains 
The critical difference between small-plaque and large-
plaque strains of polyoma at the amino acid sequence 
level is a substitution at position 91. This residue is 
glycine in small-plaque strains, such as P16, and glutamic 
acid in large-plaque strains [6]. Difference maps at 6 A 
between large-plaque and small-plaque strains show sig-
nificant density only at the position of the glutamic acid 
side chain and no evidence of any conformational 
rearrangement elsewhere (H Zhao, Y Yan and SCH, 
unpublished data). 
Gly91 is positioned at the end of the BCZ-loop, four 
residues before the chain enters strand C, and at the start 
of a l3-turn, defined by a hydrogen bond between Gly91-0 
and Thr94-N. The presence of this turn limits the confor-
mational freedom of residue 91 and allows us to model the 
CI3 atom of the Glu91 side chain seen in large-plaque 
strains with some accuracy. There are essentially three 
likely conformations possible for the CI3-Gy as well as the 
Gy-C8 bonds of Glu91. Only the side-chain conformation 
shown in the inset of Figure 5b would not interfere with 
other protein atoms or the galactose moiety of bound 
3-sialyl lactose, and because large-plaque strains bind to 
such a compound, we postulate that the Glu91 side chain 
adopts a conformation close to the one shown. This con-
formation, which is frequently seen in protein structures, 
would allow the formation of a salt bridge between Glu91 
and the adjacent Lys186, whose charge is otherwise not 
compensated. 
There is no direct steric clash between the modeled Glu91 
and the branched-chain receptor fragment. However, the 
carboxylate of the branching (aZ,6)-linked sialic acid 
approaches the Glu91 side chain, and we expect this to be 
an unfavorable electrostatic interaction. The closest 
atom-atom contact is about 3.5 A, between Glu91-0El and 
NeuNAc-01A. Thus, the failure of large-plaque strains to 
bind branched-chain receptors appears to be related pri-
marily to electrostatic repulsion. We expect, therefore, that 
the branched-chain receptor fragment may bind to strains 
carrying a glutamine or asparagine at position 91. 
Comparison with SV40 
The amino acid sequences of polyoma and SV40 VP1 are 
54% identical, and the structures of the two VP1 
monomers are very similar. The Ca atoms of Z71 residues 
between the N terminus and the end of strand I of SV40 
can be superimposed onto those of polyomavirus with a 
root mean square deviation (rmsd) of 1.1 A. A similar 
superposition of entire pentamers, based on 1355 residues, 
results in an rmsd of I.Z A, demonstrating that not only 
the VP1 monomers but also the complete pentamers are 
very similar in both virions. The arrangement of pen-
tamers with respect to each other is somewhat different in 
polyoma and SV40, as described in [ZZ]. Differences 
between SV40 and polyoma VP1 monomers are confined 
to the loops at the virus surface, and to the CD-loops and 
the N-terminal and C-terminal arms. 
Figure 6 shows a sequence alignment of polyoma and 
SV40 VP1 monomers based on their three-dimensional 
structures. Polyoma amino acids that are conserved in 
SV40 are highlighted in Figure Sa. Not surprisingly, most 
of the conserved residues are found within l3-strands and 
in the hydrophobic core of the protein and particularly at 
the interface between two VP1 monomers. The longest 
continuous stretches of conserved amino acids are in 
strands F and I, which are involved in subunit interac-
tions, and in strands G and G', which line the conical hole 
that is the presumed site for interaction with the internal 
proteins VPZ and VP3 [Z3,Z4]. The residues that ligate the 
two potential calcium ions in SV40 (see [11]) are also con-
served in polyoma, with the exception of Asp160, which is 
replaced by a glutamic acid. Sequences in the loops are 
quite variable. One conserved stretch in the CD-loop 
(residues 109-114 in polyoma) includes Thr113, which is 
likely to be a site of phosphorylation (T Benjamin, per-
sonal communication) and Cysl14, which forms a disul-
fide bond. In polyoma, the other partner in the disulfide 
bond is Cys19 from the anticlockwise VP1 neighbor in the 
same pentamer. In SV40, Cys104 (the homolog of 
polyoma Cysl14) forms a disulfide with Cys104 on a 
CD-loop of another pentamer. In the accompanying paper 
on SV40 [11], we discuss the role of those interpentamer 
disulfide bonds in stabilizing the virus particle. We point 
out that even though the disulfide in polyoma is within a 
pentamer, its location causes it to help clamp an invading 
C-terminal arm in place and thus to reinforce an inter-
pentamer linkage. 
The receptor for SV40 is not yet known, but it has been 
demonstrated that SV40 does not bind to sialylated 
oligosaccharides. The surface loops of VP1, which form 
the oligosaccharide-binding site, are indeed longer in 
polyoma (Fig. 7). The residues involved in hydrogen 
bonding to the sugars are at the base of these loops, 
however, and while none of them are conserved in SV40, 
they are mostly replaced by amino acids with similar char-
acteristics. Polyoma Arg77, for example, is replaced by a 
lysine in SV40. One can model a NeuNAc-(aZ,3)-Gal frag-
ment onto the surface of SV40 with no severe steric clash. 
The conformation of the truncated BC I-loop leads to 
unfavorable side-chain interactions, however. A key differ-
ence appears to be the salt bridge formed by polyoma 
Arg77. Although the Ca atoms of this arginine and of the 
corresponding Lys67 in SV40 are in virtually identical 
positions, the conformation of the BC1-100p directs the 
lysyl side chain away from the position of the sialic acid 
carboxylate and directs Pro58 and Asp59 towards it 
(Fig. 7). Thus, a quite moderate remodeling of the pen-
tamer surface completely changes receptor recognition. 
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Discussion 
Ligand specificity 
Sequence alignment of polyoma (PY) and 
SV40 (SV) VP1 monomers. The alignment is 
based on the superimposed structures. 
Helices and f3-strands are represented with 
white and gray boxes, respectively. Gly91 is 
marked with a black box. Polyoma residues 
that contact the oligosaccharides in the 
structures of the two complexes (based on an 
atom-to-atom distance <4.5 A) are 
underlined; residues that form hydrogen 
bonds or salt bridges with the 
ol igosaccharides are underl ined twice. The 
residues that are likely to contact the calcium 
ions are marked with single (site 1) and 
double (site 2) vertical lines. (See [11] for a 
description of the calcium-binding sites and a 
discussion of the role of calcium.) 
T he similarity of th e surfaces is illustrated in Figure 8. 
T he surface of polyoma is characteri zed by distinct 
pockets whi ch accommodate the carbohydrate moie ti es. 
T here are two pockets, numbered 1 and 2, which accom-
modate the NeuNAc-(a2,3)-Gal moiety (Fig. 8a). A third 
pocket, numbered 3, accommodates th e (a 2,6)-linked 
sialic acid of the branched-chain recepto r in complex-2. 
Although SV40 does not bind to sialylated oligo-
saccharides, it clearly shows features that resemble the 
pockets see n in polyoma (Fig. 8b). It is conceivable 
th at a non-s ialylated oligosaccharide plays a rol e in 
SV40 attachme nt. 
Some of our interpretations, outlined be low, rest on the 
ass umption that the crystal structures do indeed show spe-
cific and meaningful interactions between the receptor 
fragments and polyoma, and that these interactions are th e 
biologically relevant ones. We believe, for the following 
reasons, that they are. F irstly, th e location of G ly91 at the 
base of the Be2-100p provides a very sati sfactory explana-
tion for the different ligand spec ificities of large-plaque 
and small-plaque strains. Secondly, strains th at contain a 
Va1 296~Ala mutation [25) have a dramatically increased 
Figure 7 
DE-Loop 
HI-Loop BC2-Loop 
Comparison of the receptor-binding site of 
polyoma (white) with the corresponding 
reg ion in SV40 (gray). The best superposition 
based on conserved residues is shown. Also 
shown is the 3'-sialyllactose ligand of 
complex-1 . The amino acid stretch 
Pr058-Asp59 of SV40, wh ich comes close to 
the carboxylate of the sialic acid, is shown in 
red. The green sphere marks the position of 
the Co. atom of Arg77 in polyoma. (Figure 
produced with RIBBONS [37] .) 
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Figure 8 
Molecular surfaces of polyoma and SV40 
pentamers. (a) Surface of a polyomavirus 
pentamer with the 5-fold symmetry axis 
indicated. The branched-chain ligand of 
complex-2 is shown as a ball-and-stick model. 
The two terminal sugars are not shown. The 
surface has four pockets. The NeuNAc-(()(2,3}-
Gal moiety occupies pockets 1 and 2, the 
(()(2,6}-linked NeuNAc occupies pocket 3. 
(b) SV40 surface. The surface is surprisingiy 
similar to that of polyoma, and the view shows 
that there are pockets at roughly similar 
positions. (Figure produced with GRASP [381 .) 
tumorigenicity_ Val296 is located at a key position in the 
receptor-binding pocket, and its side chain contacts the 
terminal sialic acid (Fig_ Sb)_ The direct involvement of 
Va1296 in binding of the sialic acid strongly suggests that a 
mutation at this position will affect receptor affinity. 
Thirdly, the nature of the interactions between polyoma 
and the two receptor fragments supports our measure-
ments for the ligand affinities. The similar affinity for 
both fragments is consistent with the identity of key inter-
actions in both complexes_ Moreover, the relative sparse-
ness of the contacts is consistent with the observed weak 
binding_ A modest interaction surface for sialic acid is also 
seen in the influenza virus hemagglutinin, which has a 
similar low affinity for its receptor [16]. In that case, only 
sialic acid makes clearly defined contacts [16]. The sialic 
acid binding pocket on influenza hemagglutinin does not 
resemble the one on polyoma VPl , and the pattern of 
interactions with the sugar is different_ There appears to 
be a slight preference in various influenza strains for 
(a2,3) or (a2,6) linkages [26], but the distinction is not as 
strong as in polyoma. 
The structure of complex-l shows that the specificity for 
(a2,3)-linked sialic acid is partly achieved through hydro-
gen bonds between polyoma and the NeuNAc-(a2,3)-Gal 
moiety. All but one of these bonds involve the sialic acid 
itself Compounds carrying an (a2,6)-linked sialic acid, 
such as 6'-sialyl lactose, do not bind to polyoma, despite 
the fact that the (a2,6) linkage itself would not prevent 
the sialic acid moiety from fitting into its pocker- The 
(a2,6) linkage would , however, direct the galactose (and 
the rest of the glycan) our of the binding groove, because 
restricted rotation about the glycosidic bond and internal 
hydrogen bonding between Gal-03 and NeuNAc-06 
determine the overall shape of the oligosaccharide_ Shape 
complementarity thus appears to be important for receptor 
specificity_ 
The structure of complex-2 shows that the additional 
sialic acid moiety of the branched-chain receptor fragment 
is merely accommodated in a shallow pocket on the 
surface of the virus, rather than specifically recognized by 
a set of detailed contacts_ Again, complementarity to the 
overall shape of the branched-chain fragment seems to be 
the determining characteristic of the VPl surface_ The 
structure of complex-2 also accounts for the different 
specificity of large-plaque and small-plaque strains of 
polyoma_ Large-plaque strains, which bear Glu91 instead 
of Gly91 , cannot accommodate branched-chain receptors; 
the structure shows that Glu91 would be in close contact 
with the branching (a2,6)-linked sialic acid and that it 
would probably have unfavorable electrostatic interactions 
with the sialic acid carboxylate_ 
The sialic acid binding site itself is likely to be ab le to 
accept certain types of modified sia lic acids, which are 
very common in eukaryotic cells [27]_ More than 20 differ-
ent sialic acid variants are known, and most modifications 
occur at positions 4, 5, 7, 8 and 9_ The glycerol group does 
not interact with the protein, and a small number 
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of additional atoms at the locations of the hydroxyl 
groups at positions 8 and 9 could easily be accommodated. 
Likewise, an N-glycolyl side chain at N5 could be accom-
modated, and it might even form a hydrogen bond to 
Asp85 from the clockwise neighbor (see Fig. 5b). Larger 
groups at positions 4 and 7 probably cannot be tolerated, 
because they would interfere with protein residues. 
Negative correlation between tight binding and 
tumorigenicity 
Large-plaque strains are significantly more tumorigenic 
than small-plaque strains [7]. The critical difference 
between the two is a single amino acid substitution at 
position 91: Glu91 in large-plaque strains prevents the 
virus from binding to branched-chain receptors [6]. Our 
analysis shows that this interference is probably due to a 
simple electrostatic repulsion between the glutamate side 
chain and the carboxylate of the branched NeuNAc. If 
one assumes that branched-chain and straight-chain recep-
tors are present on the cell surface, it is likely that the 
host-cell avidity of large-plaque strains, which recognize 
fewer receptors, will be lower. Indeed, the difference in 
plaque morphologies is generally explained by the differ-
ence in spread of released virions across the lawn of cells, 
and virions from small-plaque strains stick measurably 
more tightly to cell debris. This negative correlation 
between tightness of binding and pathogenicity appears to 
extend to the LID strain of polyoma, in which a mutation 
of VaI296~Ala leads to dramatically enhanced virulence 
and rapid death of the host animal [25]. The substitution 
of alanine for valine removes an important hydrophobic 
contact between Val296 and the 'rear' face of the Neu~Ac 
(Fig. 5b), probably leading to a further reduction in the 
affinity of VPl for sialylated oligosaccharides. A direct 
measurement of the binding of oligosaccharide fragments 
to the LID strain has yet to be made, however. 
The evolution of virus-cell interactions clearly involves an 
important compromise between efficient attachment and 
effective release. Viruses such as influenza bear their own 
receptor-destroying enzymes. Strains of influenza that 
lack the receptor-destroying neuraminidase activity can 
bud from an infected cell but cannot escape from its 
surface [28]. Because the virus must balance attachment 
and release, weakly binding strains may have a higher 
pathogenicity. This observation has important conse-
quences for the proposed design of antiviral drugs that 
block attachment by receptor mimicry. Viruses that 
mutate to escape inhibitions by such drugs would proba-
bly also bind less tightly to the authentic receptor. They 
therefore may actually be more virulent. 
Sialylated oligosaccharides are widely present on various 
tissues in the host as well as on circulating glycoproteins. 
It is therefore possible that virus could bind to these struc-
tures in locations other than the surface of a susceptible 
cell. Thc possibility of such 'pseudo-receptors' has been 
discussed [25]. Again, tight binding would lead to reten-
tion of virus in places inappropriate for infection. 
Biological implications 
Polyomavirus recognizes certain sialylated oligosac-
charides, which serve as cell-surface receptors. 
Small-plaque strains of polyoma, such as P16, have a 
broad receptor specificity: they recognize both 
straight-chain (NeuNAc-(a2,3)-Gal-(!31,3)-GaINAc) 
and branched-chain (NeuNAc-(a2,3)-Gal-(!31,3)-
[NeuNAc-(a2,6)-]GaINAc) oligosaccharides. Large-
plaque strains have a narrower specificity and 
recognize only straight-chain oligosaccharides. 
Our structures of the P16 strain virus complexed 
with straight-chain and branched-chain receptor frag-
ments show that specificity derives from a shallow 
binding groove on the outer margin of the major 
capsid protein VPl. The groove terminates in a 
pocket to receive the (a2,3)-linked sialic acid, and the 
shape of the groove allows discrimination among 
oligosaccharides with stereochemically different gly-
cosidic linkages. Discrimination against the branched 
linkage comes from a glutamic acid side chain, 
present only in large-plaque strains, which appears to 
interfere with insertion of the (a2,6)-linked sialic acid 
into a pocket. The broader specificity of small-plaque 
strains allows them to bind more avidly to cell sur-
faces than large-plaque strains, and may therefore 
inhibit release and spread. Large-plaque strains are 
more broadly tumorigenic in mice [7], perhaps 
because their narrower receptor specificity and less 
avid binding allows escape from this inhibition. That 
is, pathogenicity depends in part on the balance 
between efficient attachment for cell entry and effi-
cient release from debris of lysed cells or from other 
surfaces bearing sialylated oligosaccharides. The 
requirement for such a balance is likely to hold true 
for many mammalian viruses. We observe that use of 
receptor mimics as candidate antiviral drugs may 
therefore in some instances give rise to escape 
mutants with heightened virulence. 
Materials and methods 
Crystallization and data collection 
Polyoma strain P16 crystallizes in space group 123 with a=570 A. The 
crystallographic asymmetric unit contains one pentavalent (strict) VP1 
pentamer and five hexavalent (local) pentamers [22). The crystal pack· 
ings and the structures of polyoma and SV40 are very similar; the 
slightly larger unit-cell constant of the polyoma crystals is due to the 
larger particle radius determined by longer surface loops. Virions were 
purified using a slightly modified version of the protocol described in 
[29). Crystals were grown from sodium sulfate using the hanging drop 
method and silanized coverslips. The 2 fl.1 drops contained 6-8 mg ml-1 
virus, 1 OmM HEPES pH 7.5,0.25-0.3 M sodium sulfate and 2.5-5% 
tv/v) glycerol; the reservoir contained 0.55-0.6 M sodium sulfate, 10 mM 
HEPES pH 7.5 and 5-10% glycerol. Harvest buffer contained 0.65 M 
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Table 1 
Data statistics. 
Resolution (A) 12,0-7,0 7,0-6,0 6,0-5.0 5,0-4.5 4,5-4,0 4.0-3,8 3,8-3.65 Total 
Rsym* (%) 
Complex·1 6,0 9,9 13,7 17,8 27,8 39,3 48.4 11.9 
Complex·2 7,0 9,2 11.9 16,3 28,5 39.6 49,3 12.4 
Native 5,9 11,5 17,3 23.4 36,0 47.5 19.8 
Completeness (%) 
Complex·1 89 88 88 88 82 52 14 73 
Complex-2 78 78 79 81 80 73 31 74 
Native 88 88 86 83 77 37 69 
*Rsym=khkillhi-Ih l/khi1hi where h are unique reflection indices, Ihi are intensities of symmetry-related reflections of index hand Ih is the mean intensity for 
reflections of index h, 
sodium sulfate, 50 mM HEPES pH 7.5 and 10% glycerol. Oligosaccha-
rides were purchased from Accurate Chemical Co, (Westbury, NY), For 
complex formation, the crystals were soaked in harvest buffer also con-
taining 20 mM oligosaccharide for 24 h prior to data collection. X-ray 
data were collected at the Cornell High Energy Synchrotron Source 
(CHESS) F1 beamline using the oscillation method and a wavelength of 
0,91 A. About 30-40 crystals were used for a full data set. The crystals 
were randomly oriented in the beam, and typical exposure times were 
20-40 s, Data were recorded on Fuji Imaging Plates (Fuji Inc" Japan) 
and scanned using a Fuji BAS2000 scanner. A 0.15 mm collimator was 
used for all data collection, The detector distance was set to 400 mm, 
which gave -3,7 A resolution at the smaller edge of the plate, The crys-
tals were cooled to -15°C during data collection, Only one diffraction 
image per crystal volume was recorded, The oscillation angle was 0,2°, 
For the data collection of crystals soaked at different concentrations, the 
oscillation angle was 0,5° and the crystal-to-detector distance was set 
to 500 mm, giving a maximum resolution of 4,5 A at the smaller edge of 
the plates. Exposure times were between 40 sand 1 min, 
Data were integrated using the program package DENZO 
(Z Otwinowski, Yale University), Most of the images were indexed man-
ually; at later stages the autoindexing option of DENZO was run, 
Because different crystals diffracted to somewh;1t different resolution 
ranges, each integrated image was filtered in a way similar to the SV40 
data collection described in an accompanying report [11) before 
scaling, Scaling and post-refinement of the two full data sets from 
receptor complexes were carried out using the CCP4 program 
package [19). The final data sets comprised all fully recorded measure-
ments (after normal rejections tests) and scaled-up partial measure-
ments with a partiality >0.5. Intensities were converted to 
structure-factor amplitudes using TRUNCATE [30). The statistics for 
the data sets are given in Table 1, The data obtained from crystals 
soaked at different concentrations were scaled and post-refined with 
Table 2 
Crystallographic refinement. 
Round Energy 
SCALEPACK (Z Otwinowski, Yale University), and the output was then 
modified with TRUNCATE. 
Molecular averaging and refinement 
Molecular envelopes were produced with ENVEDIT [31), and ENVAT 
(D Madden, Harvard University). Averaging was performed with the 
Bricogne program package [32) using a skew frame with its z-axis 
along a 5-fold as described in [22). Typically, 7-9 cycles of 5-fold aver-
aging were carried out using all available data. Fobs coefficients were 
used for the first four cycles; (2Fo -Fe) coefficients were used subse-
quently, In the final three cycles, we also substituted F calc for the 
missing Fobs' After 7-9 cycles, the averaging reached convergence, as 
judged by the mean phase difference to the previous cycle. Maps were 
calculated using (2Fo-Fc) coefficients and the final phases. The maps 
were displayed and model building was carried out in FRODO [33) 
and, at later stages, in 0 [34). 
A 2% subset of each data set was set aside to monitor the free 
R-factor during refinement [35). Free and working R-factors behaved in 
a very similar way. Because the high non-crystallographic symmetry 
renders the free R-factor no longer completely independent, we quote 
only working R-factors in this manuscript. The refinement procedure 
was set up such that only 5-fold strict non-crystallographic symmetry 
was imposed for the refinement as a constraint in X-PLOR. The refine-
ment was run on a IRIS Challenge/XL 8-processor computer (Silicon 
Graphics, Mountain View, CAl. A typical refinement round consisted of 
alternating positional refinement (100-150 cycles) and temperature 
factor refinement (15 cycles), until convergence had been achieved. 
After each refinement round, model phases were calculated and further 
improved by several cycles of 5-fold averaging. (2Fo-Fc)exp(iaavg) 
maps were calculated using CCP4 routines [19] and displayed in 
FRODO [33). The model was then inspected and rebuilt. Geometry 
was checked after each rebuild with PROCHECK [36). 
Temperature Starting Final Resolution 
range (A) 
Simulated 
annealing minimization factor refinement R-factor* R-factor* 
Complex-1 
1 
2 
3 
4 
Complex-2 
1 
12-3.8 
12-3.65 
12-3.65 
12-3.65 
12-3.65 
(cycles) 
280 
400 
450-300 K 350 
300 
490 
(cycles) (%) 
45.0 
45 40.7 
30 28.8 
30 24.8 
35 33.3 
Refinement was carried out with X-PLOR [10]. All available data were used without any cutoffs. *R-factor=kIFobs-Fcalcl/(Fobs+Fcalc)' 
(%) 
40.4 
27.8 
24.4 
23.6 
24.4 
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The initial structure determination of uncomplexed 'native' polyoma was 
carried out using molecular replacement (MR) with the model of 8V40, 
as described [22], and established the structure at 3.8 A resolution. We 
then collected a more accurate data set, to a resolution of 3.8 A. The 
matrices resulting from MR were used to refine the phases by 30-fold 
molecular averaging [32] using these data. The averaged maps clearly 
showed most of the main chain and the direction of some of the side 
chains, and extensive model building yielded a model of reasonable accu-
racy at 3.8 A resolution. Model building was clearly facilitated by the 
6-fold redundancy of the major part of the molecule. The data sets for 
complex-1 and complex-2 were then collected. Improvements in the data 
collection technique (described in an accompanying paper [11]), a 
stronger synchrotron source, and larger crystals resulted in yet more 
accurate intensity measurements. We therefore decided to use the data 
set from complex-1 for crystallographic refinement with X-PLOR [10]. At 
the outset, the position and conformation of the 3' -sialyl lactose was 
unambiguously detected by 5-fold averaged difference Fourier maps, and 
the ligand was incorporated. The initial R-factor of the unrefined model 
for complex-1 was 45.0% (12-3.8 A). After four rounds of refinement of 
complex-1 with intermittent model building, the R-factor had dropped to 
23.6% (12-3.65 A, all data), and the refinement had converged. The 
structure of complex-2 was determined as follows. The final phases 
obtained from the averaging procedure of the native structure were used 
to compute a (Fcomplex.2-Fnat) difference Fourier map. This map clearly 
showed the position and conformation of the NeuNAc-(a2,3)-Gal-(131 ,3)-
GlcNAc moiety and also density for the branching (a2,6)-linked sialic 
acid. A model for complex-2 was then assembled from the refined protein 
coordinates of complex-1 and the branched oligosaccharide shown in 
Figure 1 b. Only coordinates for the NeuNAc-(a2,3)-Gal-(131 ,3)- [(a2,6)-
NeuNAc-]-GlcNAc moiety of the branched oligosaccharide were used 
for refinement, as only those sugars could be identified in the difference 
Fourier map. The starting R-factor was 33.3% (12-3.65 A, all data); one 
round of positional and temperature factor refinement reduced it to 
24.4% and drove the refinement to convergence. The models for both 
complexes have good stereochemistry; rmsds of bond lengths and bond 
angles from ideality are 0.02 A and 2.7°, respectively. An overview of the 
refinement of both complexes is given in Table 2. Coordinates have been 
deposited in the Brookhaven Protein Data Bank (accession numbers 
1810 [complex-1] and 181E [complex-2]). 
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